The present review aims to analyse (i) the molecular, biochemical and cellular changes that accompany oocyte and sperm ageing in any of the internal or external environments where they can reside, and (ii) the consequences of the abnormal function in ageing gametes on pre-and post-implantation development and later life of offspring. This review also aims to propose and discuss cellular/molecular mechanisms framed within the`free radical theory of ageing'. It appears that the ageing of gametes prior to fertilization may affect many molecular, biochemical and cellular pathways that may jeopardize not only pre-and post-implantation embryo/fetal development but also later life of offspring. Consequences of gamete ageing range from decreased vigour (with the concomitant decrease in intelligence, reproductive ®tness and longevity) of apparently normal-looking offspring to severe congenital, epigenetic and/or genetic anomalies. All these effects may be easily prevented by ef®cient diffusion of both the potential risks of gamete ageing and the steps that should be taken by couples wishing to achieve pregnancy to guarantee a correct maturational synchronization of gametes at fertilization. Although in-vitro antioxidant therapy appears to protect from or retard the ageing process of gametes, it may not assure the total absence of negative effects on the resulting offspring.
Introduction
Many mammalian species restrict sexual activity to distinct heat periods [females either ovulate spontaneously (spontaneous ovulators, e.g. rat, mouse, hamster, guinea-pig, bat, dog, fox and some marsupials) or are induced to ovulate by coitus (re¯ex or coitus-induced ovulators, e.g. camel, cat, ferret, mink, squirrel, vole and rabbit)]. However, like other many primates, man has practically no sexual restriction as far as the day of the menstrual cycle is concerned, except those imposed by certain religious groups or by cultural or hygienic reasons during menses. This particular sexual behaviour of human beings provides an excellent culture medium to conceive an abnormal child because of the ageing of either or both gametes at the time of fertilization.
Although there are several possibilities, the optimum permutation of ageing for both oocytes and spermatozoa would be materialized by the fertilization of a fresh oocyte by a fresh spermatozoon. The opposite pole would be reached when an aged or degenerating oocyte is fertilized by an aged or senescent spermatozoon.
In the present review, we analyse (i) the molecular, biochemical and cellular changes that accompany oocyte and sperm ageing in any of the internal or external environments where they can reside, and (ii) the consequences of the abnormal function in ageing gametes on pre-and post-implantation development and later life of offspring. In addition, we also propose and discuss cellular and molecular mechanisms of the effects of gamete ageing on gametes and resulting offspring framed within the`radical theory of ageing' (Harman, 1956 ).
Oocyte ageing
Mammalian oocytes can undergo a pre-or a post-ovulatory ageing depending on whether oocytes are retained within the ovaries/follicles or the oviduct, respectively, for a relatively long period of time. In human beings, primary oocytes surrounded by a single cuboidal layer of granulosa cells (primary follicles) are arrested at the dictyotene [germinal vesicle (GV) ] stage of the ®rst Butcher (1975) Decreased number of cortical granules of plasma membrane Peluso and Butcher (1974) , Butcher (1975) , Gulyas (1980) Disruption of the stacking arrangement of`sheets' of intermediate ®laments typical of mammalian oocytes Peluso et al. (1980) , Gallicano et al. (1994) Changes in mitochondrial morphology/ultrastructure from a spherical shape with peripheral cristae to an elongated shape with shelf-like cristae Peluso and Butcher (1974) , Butcher (1975) Decreased synthesis of RNA Butcher (1976) Functional changes Shortening of the interval between meiotic resumption and ovulation Freeman et al. (1970) Decreased fertilization Butcher (1975) , Mikamo and Hamaguchi (1975) Polyspermy Butcher (1975) , Mikamo and Hamaguchi (1975) Non-extrusion of the ®rst or the second polar body Mikamo and Hamaguchi (1975) Chromosomal anomalies in zygotes/embryos/fetuses including aneuploidy, polyploidy and mosaicism Yes: [Butcher (1975) , Mikamo and Hamaguchi (1975) , Bomsel-Helmreich (1976) , Jongbloet and Vrieze (1985) ] No: [Laing et al. (1984) ] Developmental asynchrony of pronuclei Mikamo and Hamaguchi (1975) Arrested pronuclear development Mikamo and Hamaguchi (1975) Abnormal and/or retarded development of embryos/fetuses Butcher (1975) , Mikamo and Hamaguchi (1975) Increased embryo/fetus mortality Butcher (1975) , Mikamo and Hamaguchi (1975) GnRH antagonists Functional changes No effect on pre-implantation embryo development Oussaid et al. (2000) Progestins Molecular, biochemical and cellular changes Presence of large intracytoplasmic vacuoles Mihm et al. (1999) Resumption of meiosis before the expected endogenous pre-ovulatory LH surge Revah and Butler (1996) , Mihm et al. (1999) Decreased MPF kinase activity Revah et al. (1997) Functional changes Decreased fertilization Yes: [Wagner et al. (1968) , Hill et al. (1971) ] No: [Wiltbank et al. (1967) , Wishart (1977) , Ahmad et al. (1995) ] Abnormal and/or retarded pre-implantation development of embryos Yes: [Hill et al. (1971) , Wishart (1977) , Ahmad et al. (1995) ] No: [Wagner et al. (1968) , Wishart and Young (1974) ] Decreased pregnancy rate Austin et al. (1999) , Mihm et al. (1999) IMP dehydrogenase inhibitors Functional changes Decreased fertilization Downs (1994) Increased embryo/fetus mortality Downs (1994) Low dose of HCG, FSH or LH Functional changes No effect on fertilization Dekel et al. (1995) Increased embryo/fetus mortality Mattheij et al. (1993 Mattheij et al. ( , 1994 GnRH = gonadotrophin-releasing hormone; IMP = inosine monophosphate; HCG = human chorionic gonadotrophin.
meiotic prophase from fetal stages (Kurilo, 1981) until stimulated to grow and resume meiosis with the formation and extrusion of the ®rst polar body at the peri-ovulation time. During this period, which in women may last`50 years, metabolically active GV oocytes and/or surrounding granulosa cells may be exposed to exogenous and/or endogenous factors derived from the ageing of ovaries and/or hypothalamic-pituitary-ovarian axis and so undergo age-associated degenerative changes (Tarõ Ân, 1996) . Under normal circumstances, oocytes are stimulated to resume meiosis after the endogenous pre-ovulatory LH surge. Thereafter, they exhibit a secondary block at metaphase of the second meiotic division (MII), the stage at which they are normally ovulated and fertilized. However, under particular circumstances, including long follicular phases which are generally found in adolescence or pre-menopause, shortly after parturition, during periods of subfecundity or during the seasonally dependent restoration and inhibition phase of the`ovulatory seasons', fully grown GV oocytes may undergo a pre-ovulatory ageing before the occurrence of the endogenous LH surge (for reviews, see Jongbloet, 1971, and Smits, 1998) . In other instances, such as women with raised basal LH levels during the follicular phase, oocytes may exhibit a premature resumption of meiosis resulting in ovulation of aged MII oocytes (for references, see Dekel et al., 1995) . It has also been proposed that the ageing of the oocyte prior to ovulation may be based on genetic-or epigenetic-induced alterations in cell-cycle progression, which may cause an asynchrony in ovulation relative to maturation kinetics (for review, see Eichenlaub-Ritter, 1994) . In particular, an accelerated maturation associated with a normal ovulation timing may result in ovulation of aged MII oocytes. Freshly ovulated oocytes can also undergo age-associated changes if intercourse is delayed with respect to time of ovulation. Likewise, in-vitro-or in-vivomatured oocytes from women attending infertility clinics may exhibit age-associated degenerative processes if for any reason the interval from completion of the ®rst meiotic division, ovulation or oocyte retrieval to insemination is lengthened beyond a normal range.
Taking into account the different types of oocyte ageing, it can be deduced that, in addition to having potential effects on later developmental stages, a pre-ovulatory ageing of GV oocytes induced by delayed meiotic resumption and ovulation may affect both the ®rst and the second meiotic division. In contrast, a preovulatory ageing of MII oocytes induced by a premature resumption of meiosis or accelerated meiotic maturation as well as an in-vitro or in-vivo post-ovulatory ageing of MII oocytes induced by delayed fertilization may in¯uence only the second Butcher (1976) In the rabbit and the rat, monozygotic twinning Bomsel-Helmreich and Mufti (1995) In humans, probably the polymalformative syndrome, anencephaly, malformations of face and buccal cavity, and malformations of the nervous, urinary, cardiovascular, skeleton and locomotor, and urinary systems Jongbloet et al. (1982) , Spira et al. (1985) , Troya et al. (1985) Teratogenic effects of post-ovulatory oocyte ageing In ®sh and amphibian species, dorsal asyntaxia (spina bi®da and caudal duplication), axial (Siamese twins and triplets) and lateral duplications including multiple accessory arms and/or sex glands (polymelia), and polydactyly, reduction or absence of organs including sex glands, eyes and brain (microcephaly and acephaly), incomplete or absent differentiation, formation of spreading neoplasms, and transformation of ovaries into testes which results in a shift of the sex ratio the male Witschi (1952) In the rat, total absence of the anterior or posterior portion of fetuses removed at day 18 and 22 of gestation, respectively, and the presence of newborn pups with short tails Blandau and Jordan (1941) Long-term effects of pre-ovulatory ageing of oocytes In the rat, changes in brain cortical thickness concomitant with decreased exploratory behaviour in a continuous corridor, which can be considered as analogous to cognitive function in humans Kimler et al. (1998) In humans, likely decreased longevity of offspring and many constitutional diseases such as diabetes mellitus, schizophrenia, non-familial Alzheimer's disease, menstrual disorders and/or decreased fecundity in daughters Stolwijk et al. (1996) , Smits et al. (1997a Smits et al. ( ,b, 1998 Smits et al. ( , 1999 , Jongbloet et al. (1996 Jongbloet et al. ( , 1998 Long-term effects of post-ovulatory ageing of oocytes In the mouse, retarded sensorimotor integration during pre-weaning development, higher spontaneous motor activity; and higher emotionality in adulthood
Tarõ Ân et al. (1999) meiotic division. Although a maternal or systemic (chronological) ageing may induce degenerative changes in GV oocytes, in this article we will address only the effects of peri-(pre-and post-) ovulatory ageing of oocytes on offspring. The effects of maternal ageing on offspring have been analysed in previous reviews (Tarõ Ân, 1996; Tarõ Ân et al., 1998a) . It is well established that in-vitro and in-vivo post-ovulatory ageing of mammalian oocytes is associated with changes in organelle and cytoskeleton distribution or organization as well as modi®cation of some biochemical and molecular pathways involved in cellular signalling/homeostasis/regulation. These molecular, ultrastructural, biochemical and cellular changes are translated into lower fertilization rates, polyspermy, digyny, chromosomal anomalies, cell death of oocytes by apoptosis, abnormal and/or retarded pre-and post-implantation development of embryos or fetuses, and increased pre-and post-implantation mortality (see Table I ). We should bear in mind, however, that whereas oocytes aged in vivo and in vitro share many common properties, some particular traits as well as the rate or intensity of change of many processes appear to depend on the environmental conditions to which oocytes are exposed during the process of ageing. For instance, in the rabbit, MII oocytes aged in the oviduct until 19 h post coitum frequently show tubulin foci and microtubule asters in the cytoplasm but only a few oocytes collected at 14 h post coitum and aged in vitro for 5 h contain tubulin foci, and no asters are observed. In addition, spindle morphology changes from barrel shaped to elongated after invitro culture of MII oocytes, but not when oocytes are aged in the oviduct (Adenot et al., 1997) . In the mouse, a relatively large group of ovulated oocytes obtained from superovulated animals is susceptible to fragmentation when cultured in vitro but not when aged in vivo for the same period of time (Longo, 1980) . Inversely, a large proportion of zygotes exhibits cytoplasmic fragmentation after ethanol-induced parthenogenetic activation of oocytes aged in vivo, whereas no cytoplasmic fragmentation is observed in oocytes aged in vitro for an equivalent period of time (Webb et al., 1986) . Culture of oocytes in vitro appears to retard some changes that are associated with the ageing of oocytes in vivo, including decrease in p34 cdc2 /cyclin B maturation promoting factor (MPF) kinase and mitogen-activated protein (MAP) kinase activities, cortical granule loss, zona pellucida modi®cations, recruitment of maternal RNA and increased susceptibility to parthenogenetic activation (Abbott et al., 1998) . It also appears that oocytes aged in vitro show a larger increase of leucine uptake and accumulation than oocytes aged in vivo (Carroll and Longo, 1981) .
Although there are some reports showing no effect of delayed insemination on sex ratio of offspring in guinea-pig (Blandau and Young, 1939) , rat (Blandau and Jordan, 1941) , cattle (for references, see Pursley et al., 1998) and human (Gray et al., 1998) , or even a shift of the sex ratio in favour of the females in the mouse (Krackow and Burgoyne, 1998) and dairy cow (Pursley et al., 1998) , it appears that delayed insemination of oocytes is associated with higher percentages of male offspring in the mouse (Tarõ Ân et al., 1999) , sheep (Gutie Ârrez-Ada Ân et al., 1999), cow (Dominko and First, 1996; Gutie Ârrez-Ada Ân et al., 1999) , rabbit, white-tailed deer, Barbary macaque, golden hamster, Norway rat and, debatably, human beings (for reviews, see James, 1996 James, , 1999 Jongbloet et al., 1996) .
In 1995, two different laboratories (Krackow, 1995; Tarõ Ân et al., 1995) independently proposed the hypothesis that the signi®cant sex ratio biases observed at birth in mammals is somehow dependent on the asynchrony between embryonic and uterine development. According to this concept, endometrium may be hostile, favourable or indifferent to either fast-cleaving (males) or slow-cleaving (females) embryos depending on embryo-uterine synchronization at the time embryos are ready to implant. In addition to this pre-implantational mechanism, variation in sex ratio of offspring may be explained by sex-related fetal mortality. Alternatively, differences in hormonal levels of dams along the oestrous cycle may select for X-or Y-bearing spermatozoa during their transit through the uterus and/or oviduct and so skew the sex ratio in favour of females (conceptions around the time of The VACTERL association of vertebral, anal, cardiovascular, tracheo-oesophageal, renal and limb defects Damian et al. (1996) Craniofacial anomalies associated with pre-and post-natal growth retardation, microcephaly, brachydactyly and hypoplasia of distal Cormier-Daire et al. (1996) and middle phalanges Diabetes mellitus Ballinger et al. (1992) Alzheimer's disease Hutchin and Cortopassi (1995) , Budd and Nicholls (1998) Schizophrenia Whatley et al. (1996) Irregular menstrual cycles and other endocrine abnormalities Quade et al. (1992) Male infertility Kao et al. (1995 Kao et al. ( , 1998 , Lestienne et al. (1997) , Reynier et al. (1997) Decreased longevity Sont and Vandenbroucke (1993) Bouters et al. (1967) Functional changes Deterioration of sperm motility and morphology with concomitant loss of vitality Lanman (1968a) , Tesh and Glover (1969) , Shaver and Martin-DeLeon (1975) , Martin-DeLeon and Boice (1982) Suppression of the ability of highly motile spermatozoa to mount a spontaneous acrosome reaction. No inhibitory effect is detected after exposure to calcium ionophore Cuasnicu and Bedford (1989) Decreased fertilization Lanman (1968a) , Tesh and Glover (1969) , Martin-DeLeon and Boice (1982) , Cuasnicu and Bedford (1989) , Cooper and Orgebin-Crist (1977) Chromosomal anomalies in zygotes/blastocysts including aneuploidy polyploidy, mosaicism and structural rearrangements Shaver and Martin-DeLeon (1975) , Martin-DeLeon et al. (1973) , Martin-DeLeon and Boice (1982) Abnormal and/or retarded pre-and post-implantation development of embryos/fetuses Lanman (1968a) , Tesh and Glover (1969) , Shaver and Martin-DeLeon (1975) , Martin-DeLeon et al. (1973) Increased pre-and post-implantation embryo/fetus mortality Lanman (1968a) , Tesh and Glover (1969) , Shaver and Martin-DeLeon (1975) In-vivo ageing in the male genital tract by long sexual rest Molecular, biochemical and cellular changes Decrease in acrosin activity Blackwell and Zaneveld (1992) No effect on pH of the ejaculate Blackwell and Zaneveld (1992 Blackwell and Zaneveld (1992) No effect on the ability of spermatozoa to mount an acrosome reaction after exposure to calcium ionophore Troup et al. (1994) No effect on fertilization Miller et al. (1970) , Martin-DeLeon and Boice (1985) , Bergere et al. (1992) Higher rates of parthenogenetic activation after in-vitro oocyte insemination Bergere et al. (1992) Chromosomal anomalies in zygotes including aneuploidy polyploidy and structural rearrangements Yes: [Martin-DeLeon and Boice (1985) , Martin-DeLeon (1989) , Sapp and Martin-DeLeon (1992) , Corkery and Martin-DeLeon (1996)] . No: [Pellestor and Se Á le (1991) , Bergere et al. (1992) , Sapp and Martin-DeLeon (1992) ] No statistically signi®cant increase in proportion of X-bearing spermatozoa in the ejaculate Hilsenrath et al. (1997) No effect on pre-and post-implantation embryo/fetus mortality Miller et al. (1970) Thibault (1967) , Martin and Shaver (1972) , Shaver and Martin-DeLeon (1975) , Bomsel-Helmreich (1976) Failure of sperm chromatin decondensation and abnormal male pronuclear development Bjo È rndahl and Increased pre-and/or post-implantation embryo/fetus mortality Yes: [Maurer et al. (1969) , Tesh (1969) , Shaver and Martin-DeLeon (1975)] . No: [Lanman (1968a) ] Ageing under in-vitro conditions Molecular, biochemical and cellular changes Decreased cyanide-sensitive superoxide dismutase activity Alvarez and Storey (1983a,b) Increased spontaneous lipid peroxidation as measured by malondialdehyde and/or 4-hydroxyalkenals production Alvarez and Storey (1983a) , Alvarez and Storey (1982 , Alvarez et al. (1987 , Comaschi et al. (1989) , Gomez and Aitken (1996) Increased oxidative DNA damage as measured by 8-hydroxyl-2¢-deoxyguanosine formation Chen et al. (1997) Increased susceptibility of sperm nuclear DNA to denaturation in situ as measured by acridine orange staining Estop et al. (1993) Decreased nuclear Feulgen staining and/or Gallocyanin-chrome alum staining Yes: [Bouters et al. (1967) , Salisbury and Hart (1970) , Ferrandi et al. (1992)] . No: [Salisbury and Hart (1970) ] Decreased chromatin decondensation by sperm exposure to SDS and either EDTA or DTT Bjo È rndahl and , Kvist and Bjo È rndahl (1985) , Molina et al. (1995) ovulation) or males (late conceptions after ovulation) (James, 1996) . Although no prospective studies have been performed to discriminate among these alternatives, several lines of evidence provide data against the developmental asynchrony hypothesis. For instance, a recent study (Tarõ Ân et al., 1999) has shown that delayed arti®cial insemination in the mouse increases the percentage of male offspring. However, litter size is not signi®cantly associated with sex ratio of offspring. In addition, other studies suggest that sex-selective fetal mortality cannot account for the higher percentages of male offspring found in late conceptions in the rabbit, white-tailed deer, Barbary macaque, golden hamster, Norway rat and humans (for reviews, see James, 1995 James, , 1996 . The sperm selection hypothesis of James (1996) is not, however, the only mechanism that may explain the variation in sex ratio of offspring associated with the post-ovulatory ageing of oocytes. Several studies (Dominko and First, 1996; Gutie Ârrez-Ada Ân et al., 1999) have provided data suggesting that ageing oocytes may be able to select a speci®c sperm genotype based on intrinsic differences in viability, motility, capacitation and/or capability of undergoing an acrosome reaction of X-or Y-bearing spermatozoa before fertilization. These studies show that the male-to-female sex ratio of the resulting embryos increases from 0.71±1.49 in bovine oocytes fertilized in vitro immediately after the ®rst polar body extrusion to 1.67±2.52 in MII oocytes aged in vitro for a period of 8 h prior to fertilization.
The effects on viability of the oocyte/embryo/fetus of preovulatory ageing of oocytes have not been so extensively analysed as the effects of post-ovulatory ageing. Notwithstanding, most of the studies performed so far point out the existence of similar negative effects (see Table II ). It is important to note the diverse methodology applied to induce arti®cially a pre-ovulatory ageing of oocytes as well as the different stages of meiotic maturation that may be involved. For instance, treatment of females with either sodium pentobarbital or a gonadotrophin-releasing hormone antagonist (Oussaid et al., 2000) induces a pre-ovulatory ageing of oocytes at the GV stage. In contrast, early administration of either FSH (Mattheij et al., 1993) or LH (Mattheij et al., 1994) on the day of pro-oestrus, or injection of human chorionic gonadotrophin (Dekel et al., 1995) at doses that induce oocyte maturation without concomitant ovulation; as well as treatment with inosine monophosphate dehydrogenase inhibitors (Downs, 1994) , result in a pre-ovulatory ageing of oocytes at the MII stage. It has been shown recently that treatment of heifers with a synthetic progestagen, Norgestomet, to prolong the development of the dominant follicle present at the time of treatment causes premature maturation of oocytes, most of them progressing to the MI stage . It remains to be ascertained, however, whether such oocytes exhibit a protracted interval from MI to MII or whether they block at the MI stage.
Effects References
Development of resistance to head detachment induced by n-butylamine and DTT Young (1985) Incorporation of radiocarbon-labelled methyl groups of deaminated glycine into the nucleotide bases of sperm DNA Salisbury and Hart (1970) Decrease in acrosin activity Miller et al. (1988) Increased tyrosine phosphorylation of sperm proteins under anaerobic conditions Krzyzosiak et al. (2000) Functional changes Decreased motility and viability Nonogaki et al. (1992) , Aitken et al. (1993) , Gomez and Aitken (1996) , Chen et al. (1997) , Vishwanath and Shannon (1997) , Krzyzosiak et al. (2000) Decreased fertilization Lanman (1968a) , Munne Â and Estop (1991) , Estop et al. (1993) , Vishwanath and Shannon (1997) Decreased percentage of spermatozoa that can be induced to acrosome react by calcium ionophore A23187 Vishwanath and Shannon (1997) Increased percentage of spermatozoa that undergo spontaneous acrosome reaction Miller et al. (1988) , Vishwanath and Shannon (1997) Chromosomal anomalies in zygotes including only structural rearrangements Martin et al. (1990 Martin et al. ( , 1992 , Estop (1991, 1993) , Estop et al. (1993) Increased embryo/fetal mortality Lanman (1968a) , Mann and LutwakMann (1975) , Vishwanath and Shannon (1997) Diminished (when compared to ejaculated sperm) expression of the membrane cofactor protein (MCP or CD46) that has been involved in mammalian sperm-oocyte binding and/or fusion Kitamura et al. (1996) Lower (when compared to ejaculated sperm) percentages of normal heads that stain with alcoholic phosphotungstic acid, which is likely due to over-oxidation of thiol groups Francavilla et al. (1996) Higher (when compared to testicular spermatozoa) proportion of DNA fragmentation evidenced by the COMET assay Steele et al. (1999) COMET assay = single cell gel electrophoresis (SEGE) assay.
There are many factors that can potentially modulate the effect on oocytes/embryos/fetuses of pre-ovulatory ageing of oocytes including type of drug administered, strain or species analysed, laboratory conditions, effects of drugs on other cells/systems such as granulosa cells, the reproductive tract and/or the hypothalamicpituitary-ovarian axis. In addition to these factors, the duration of treatment and/or length of pre-ovulatory ageing seem to play also an important role. In fact, it is known that a pentobarbital-induced 24 h delay of ovulation in rats exhibiting regular 4 day cycles does not affect embryo development. In contrast, a 24 h delay during a 5 day cycle is as detrimental as a 48 h delay in rats exhibiting 4 day cycles (for review, see Butcher, 1975) . In heifers given Norgestomet implants to prolong dominance of follicles, the pregnancy rate decreases as the duration of dominance increases from 2 to 12 days (Mihm et al., 1994; Austin et al., 1999) . Finally, an 8 h advancement of meiotic resumption in Graa®an follicles in B6SJL/F1 mouse females mated with males heterozygous for the Rb(11.14)1DN translocation Corkery and Martin-DeLeon (1996) Ageing under in-vitro conditions
Hamster oocytes fertilized in vitro by human spermatozoa Martin et al. (1990 Martin et al. ( , 1992 , Munne Â and Estop (1993) F1 (C57BL/6JQCBA/Ca) hybrid mouse oocytes fertilized in vitro by F1 (C57BL/6JQCBA/Ca) hybrid spermatozoa Munne Â and Estop (1991) No change in the secondary sex ratio in blastocysts fetuses and newborn
In-vivo ageing by isolation of the cauda epididymides
Day 6 and day 7 blastocysts from rabbit females inseminated arti®cially Martin-DeLeon et al. (1973) In-vivo ageing in the female genital tract Day 6 blastocysts from rabbit females inseminated arti®cially Martin and Shaver (1972) Day 29 fetuses from rabbit females inseminated arti®cially Tesh (1969) Newborn from mated rabbit females Hammond and Asdell (1926) Newborn from rat females inseminated arti®cially Soderwall and Blandau (1941) Change in the primary sex ratio in zygotes
In-vivo ageing by isolation of the caudae epididymides Random-bred ICR mouse females mated with males heterozygous for the single Rb(6.16)24Lub translocation Aranha and Martin-DeLeon (1992) In-vivo ageing in the male genital tract by long sexual rest Random-bred ICR mouse females mated with males heterozygous for the single Rb(6.16)24Lub translocation Aranha and Martin-DeLeon (1991) B6SJL/F1 mouse females mated with chromosomally normal B6SJL/F1 males Sapp and Martin-DeLeon (1992) Random-bred ICR mouse females mated with males heterozygous for the single Rb(6.15)1Ald translocation Aranha and Martin-DeLeon (1995) the rat after injection of a low dose of FSH early on the day of pro-oestrous has worse consequences for fetal survival at day 20 of pregnancy than a 0 or 4 h advancement of meiotic resumption (Mattheij et al., 1993) . Pioneering studies at the end of the 19th century and during the ®rst half of the 20th century showed that the deleterious effects of oocyte ageing on offspring are not exclusively manifested in mammals but they appear to be a general trait of both invertebrate and vertebrate species. For instance, in the sea urchin Echinus, the mollusc Cumingia, the annelid Hydroides and the dipteran Drosophila, oocyte ageing before or after shedding is accompanied by decreased fertilization, polyspermy, irregularities in development and/or oocyte/embryo death (for review, see Lanman, 1968b) . In ®sh and amphibian species, post-ovulatory ageing of oocytes is associated with polyspermy and teratogenic development of embryos/fetuses (see Table III ).
Mammals are not exempt from teratogenic effects of oocyte ageing on offspring. In the rat, for instance, a period of 6 h of post-ovulatory ageing prior to fertilization (Blandau and Jordan, 1941) as well as a pentobarbital-induced 48 h delay in ovulation (for review, see Butcher, 1976) cause the appearance of malformed offspring (see Table III ). Although it has been shown that a pentobarbital-induced 24 h delay of ovulation in rats does not affect embryo development (for review, see Butcher, 1975) , it cannot be excluded that part of the teratogenesis observed after a pentobarbital-induced 48 h delay in ovulation may result from the mutagenic and teratogeneic activity of this drug (Walker and Patterson, 1974; Shaver, 1975; Ito and Ingalls, 1981) rather than the perturbation in the maturation programme per se. Monozygotic twinning is associated with delayed ovulation in the rabbit and the rat (for review, see Bomsel-Helmreich and Mufti, 1995) . However, there are no studies showing a causeeffect relationship between oocyte ageing and presence of Siamese twins such as it occurs in amphibians and ®shes (see Table III ). At most, only pairs of fetuses of the same sex with fused placentae in delayed ovulating rats have been reported (Butcher et al., 1969) . In humans, indirect epidemiological evidence suggests that several factors likely associated with preovulatory ageing of oocytes, including longer follicular phase and temperature rise during the conceptional cycle (Spira et al., 1985; Troya et al., 1985) and month of birth (Jongbloet et al., 1982) , may cause congenital malformations in offspring (see Table III ). In addition, season of birth as well as other factors likely associated with pre-ovulatory ageing of oocytes, such as short birth interval and low and high maternal age, may decrease longevity of offspring and induce many constitutional diseases (see Table III ).
Age-associated oxidative damage to oocytes
Despite the aforementioned studies suggesting serious consequences on offspring of a pre-and/or post-ovulatory ageing of oocytes, hypotheses put forward to explain the mechanism(s) by which aged oocytes may affect offspring are scarce. Tarõ Ân in 1995 proposed a mechanism based on the`the oxygen radicalmitochondrial injury hypothesis of ageing' (Miquel et al., 1980) to explain the effects of oocyte ageing on subsequent viability and potential for embryo and fetal development. This mechanism ascribes a key role in the senescence process for oxygen radical damage to mitochondrial DNA, proteins and lipids. Accumulated oxidative damage to mitochondria may both decrease the number of functionally intact mitochondria and thereby decrease intracellular ATP concentration, and raise the production of reactive oxygen species by the electron transport chain. Such a generalized damage to oocyte mitochondria may increase the probability that the resulting offspring carry a subpopulation of defective mitochondria and so express mitochondrial DNA diseases, learning dif®culties, decreased fecundity and shortened life expectancy. Notwithstanding, in addition to the mitochondrial respiratory chain, there are many other internal and/or external sources of ROS that may also damage ageing oocytes. For instance, superoxide anions may arise by leakage of electrons to oxygen during electron transfer reactions from cytochrome P450 oxidases in the endoplasmic reticulum, or by the activity of oxidase systems, such as xanthine or NADPH oxidases. On the other hand, in-vitro conditions are ideal for the spontaneous generation of ROS, particularly if culture media are supplemented with transition metals such as copper and iron, exposed to light or high partial pressure of oxygen and/or lack antioxidant components in its formulation. It is unlikely that the low oxygen tension present in follicles (Fischer et al., 1992) and female genital tract (Fischer and Bavister, 1993 ) may in¯ict any oxidative damage to oocytes. Likewise, the fact that the intensity of lipid peroxidation in follicular¯uids from Graa®an follicles is much lower than that in serum (Jozwik et al., 1999) suggests that follicular¯uid has an ef®cient antioxidant defence system capable of coping with the in¯ammatory reaction displayed by follicles at ovulation (Espey, 1994) .
Although there are still few data supporting or rejecting thè oxygen radical-mitochondrial injury hypothesis of ageing', experimental studies show a role for intracellular thiol oxidation in mitochondrial function and cell death by apoptosis (Slater et al., 1995; Marchetti et al., 1997) . Furthermore, clinical and/or epidemiological evidence shows or suggests an involvement of mitochondrial DNA and/or oxidative phosphorylation defects in the development of some phenotypes likely associated with preor post-ovulatory ageing of oocytes (see Tables III and IV) . Notwithstanding, we should note that oocyte ageing may induce the same phenotype as found in some mitochondrial diseases only when a distinct mutation is induced in the gamete which is associated with such a phenotype and when this mutation is passed on to the individual.
Oxidative stress may play an important role in increasing the rate of telomere shortening (Oikawa and Kawanishi, 1999) , which has been recently correlated with biological ageing and carcinogenesis (for review, see von Zglinicki, 1998). Oxidative stress of oocytes may also produce miscoding lesions in nuclear DNA that may result in teratogenic (for review, see Suthers, 1996) and oncogenic (Cortopassi and Liu, 1995) mutations. In addition to inducing genetic changes, active oxygen species may interfere epigenetically with the normal control of DNA methylation, without changing the DNA base sequence (Weitzman et al., 1994; Cerda and Weitzman, 1997) . The resulting inheritable aberrant gene expression may account for many anomalous phenotypes observed in offspring, including congenital defects and/or shorter life expectancy. Recently, it has been shown that the paternal genome in the mouse is signi®cantly and actively demethylated within 6±8 h of fertilization, whereas the maternal genome is demethylated after several cleavage divisions (Mayer et al., 2000) . Thus, any reduction in enzyme activities induced by the cytoplasmic ageing of the oocyte may modify the control of gene expression in the embryo with farreaching consequences on its developmental potential.
Sperm ageing
Mammalian spermatozoa, like oocytes, can age under distinct environmental situations, namely the male reproductive tract prior to ejaculation, the female reproductive tract after deposition in the vagina, cervix, or uterus, and under conditions in vitro. In general, sperm ageing in the male reproductive tract takes place in the cauda epididymidis after long periods of abstinence. Human spermatozoa may also age in sites distal to the epididymis such as the vasa deferentia, vasal ampullae and seminal vesicles. In fact, about one-third of the spermatozoa present in the normal ejaculate come from these extra-epididymal sites (cited by Richardson et al., 1984) . In men suffering from obstructive azoospermia, which is predominantly due to either post-testicular obstruction, vasectomy or bilateral congenital absence of the vas deferens, sperm ageing may take place in the epididymis but it may also occur in the efferent ductules, rete testis or seminiferous tubules if for any reason the epididymis is totally obstructed, absent or damaged. Spermatozoa from spinal cord-injured men, which appear to have altered sperm transport, may experience a senescence process within the reproductive tract and, in particular, within the seminal vesicles because sperm are stagnated in these vesicles for long periods of time . Finally, shortly after vasectomy, sperm start to undergo degenerative changes in the vasa deferentia, vasal ampullae and seminal vesicles. These changes may endanger not only their own viability but also further development of the resulting zygotes/ embryos/fetuses/children in the case of an unplanned pregnancy.
Shortly after vasectomy, spermatozoa from the ejaculates (i) express nuclear abnormalities including higher sensitivity to acidinduced denaturation, which provides a measure of chromatin and DNA damage, abnormal protamine disulphide cross-linking and higher chromatin condensation (Potts et al., 1999b) ; and (ii) lose motility and fertilizing potential in a manner that is signi®cantly correlated with the post-operative time interval (Richardson et al., 1984) . Notwithstanding, no studies have been performed so far to ascertain the potential effects on offspring of spermatozoa stored for long periods in extra-epididymal sites after vasectomy. On the other hand, it is known that spinal cord-injured men show decreased sperm motility and viability, poor cervical mucus penetration and compromised hamster oocyte penetration (for review, see Chung et al., 1995) . However, it appears that repeated ejaculation in spinal cord-injured men does not change the typical poor semen quality. Therefore, stagnation in the seminal ducts due to infrequent ejaculation cannot explain the poor semen quality exhibited by these men (Sonksen et al., 1999) . Due to the aforementioned reasons, analysis of the effects on offspring of invivo sperm ageing in extra-epididymal sites will not be performed in this study. Likewise, this review will not deal with effects of long-term storage of mammalian spermatozoa in vitro at temperatures below 0°C The rationale of this is based on the fact that freezing-thawing is associated with many dramatic biochemical and cellular changes including ionic disturbances, enzyme inactivation and attack by free radicals that may damage sperm DNA and/or cellular functions (for references, see Dulioust et al., 1995) . Freezing-thawing may, therefore, conceal any independent effect of sperm ageing on fertilization and/or embryo/fetus development.
Like oocytes, the deleterious effects of sperm ageing on offspring are not exclusively manifested in mammals, but appear to be a general trait of both invertebrate and vertebrate species. For instance, in the sea urchin Arbacia punculata, a 24 h period of sperm ageing in vitro prior to fertilization is associated with the presence of defective larvae showing decreased size,`low vigour' and higher mortality. In the marine worm Nereis limbata, a prefertilization ageing of spermatozoa in vitro induces increased mortality of offspring and/or arrested or abnormal development at early stages of embryonic development and at the trochophore stage. In the fruit¯y, Drosophila melanogaster, the ageing of spermatozoa in either the male or the female tract causes the occurrence of sex-linked lethals in offspring. In the frog Xenopus laevis, a signi®cant proportion of fresh oocytes fertilized by spermatozoa aged for 24 h in vitro arrests at gastrulation. Finally, in the chicken, the ageing of spermatozoa in the female reproductive tract is associated with defective development of embryos including retarded development and speci®c lesions usually in the central nervous and vascular systems (for reviews, see Lanman, 1968a; Salisbury and Hart, 1970) .
In mammals, ageing of spermatozoa is associated with molecular, biochemical and cellular changes that may jeopardize some cellular functions involved in fertilization including sperm motility and potential for undergoing the acrosome reaction and penetrating an oocyte. Pre-and post-implantation embryo and fetal development may be also affected due to the higher incidence of chromosome and/or DNA anomalies observed in spermatozoa and resulting zygotes and blastocysts (see Table V ). In-vivo ageing in the reproductive tract by long sexual rest, however, appears to be an exception to this rule. Whereas there are many discrepancies among studies in semen parameters, likely due to differences in abstinence periods and groups of males analysed, studies focused on this type of ageing have not shown any detrimental effect on fertilization and pre-and/or postimplantation offspring development (see Table V ). This fact is quite reassuring if we take into account the relatively long periods of time that human spermatozoa can reside in the reproductive tract, for instance, in obstructive-azoospermic men seeking treatment for their infertility. The few long-scale studies performed so far have not shown signi®cant effects on implantation, miscarriage and incidence of congenital malformations after intracytoplasmic sperm injection of epididymal or testicular spermatozoa in cases of obstructive azoospermia (Tarlatzis and Bili, 1998; Bonduelle et al., 1999) . Epididymal spermatozoa from this particular group of infertile men, however, exhibit several traits (see Table VI ) that prevent ®rm conclusions regarding the apparent absence of effect on offspring. Likewise, the ageing of spermatozoa in the male reproductive tract of fertile men induced by long sexual rest is not exempt from potential risks for offspring: some studies show reduced sperm acrosin activity and increased incidence of chromosomal anomalies in zygotes and blastocysts after long periods of sexual abstinence in males (see Table V ).
The apparent lack of effect on embryo and fetal mortality of physiological ageing in the reproductive tract by prolonged sexual abstinence is likely due to the continual supply of fresh spermatozoa by the testis, which may effectively compete with senescent spermatozoa at fertilization after deposition in the female reproductive tract. This notion is supported by the high mortality rate observed in embryos/fetuses derived from sperm aged in stagnant environments. e.g. in ligated epididymides, female reproductive tract and under in-vitro conditions after ejaculation (see Table V ). However, not all the stagnant environments share the same deleterious effects on offspring. It appears that the ageing of spermatozoa in the epididymis after ligation in¯icts the worst consequences on offspring. In the guinea-pig, the ageing of spermatozoa in isolated proximal and distal epididymal compartments is associated with gross structural defects in fetuses; and in the rabbit, the ageing of spermatozoa in the caudae epididymides after bilateral ligation of the corpora epididymides is accompanied by abnormal ossi®cation and shape of the ribs and sternebrae, additional sutures in the parietal bones, which in turn result in the isolation of detached bony plates, and absence of the gallbladder (for review, see Lanman, 1968a) .
It has been postulated that impaired motility of aged spermatozoa may lead to delayed fertilization and ageing of oocytes in vivo prior to fertilization (Shaver and Martin-DeLeon, 1975) . Ageing of oocytes may explain the formation of some dispermic and digynic zygotes as well as the loss of one or more chromosomes from the maternal genome during the second meiotic and/or ®rst mitotic division (monosomic zygotes) (Martin-DeLeon and Boice, 1982) . Other triploid zygotes may result from the fertilization of an oocyte by a diploid spermatozoon, an event that may be favoured by relaxed selection at fertilization against chromosomally abnormal aged spermatozoa (see below) (Martin-DeLeon and Boice, 1982, 1985 ; for review, see Martin-DeLeon and Williams, 1987) . Different types of mosaicisms may result from the failure of cytokinesis or errors in chromosomal segregation at the ®rst of subsequent mitotic divisions, likely direct consequences of the ageing of oocytes prior to fertilization. Furthermore, XX/XY chimeric embryos may be induced by double fertilization of the ®rst polar body and the oocyte with a X-and a Y-bearing spermatozoon, respectively (Martin and Shaver, 1972 ; for review, see Shaver and MartinDeLeon, 1975) . Sperm exposure to ROS such as superoxide anion and hydrogen peroxide after long storage in the male or female genital tract or under in-vitro conditions may lead to DNA strand breaks and cause structural rearrangements of chromosomes (see below). However, the origin of aneuploid zygotes reported to occur mainly after ageing of spermatozoa in the male reproductive tract is controversial.
Whereas Martin-DeLeon's laboratory has been for two decades providing strong evidence for the concept of pre-zygotic selection against chromosomally abnormal spermatozoa (Zackowski and Martin-DeLeon, 1989; Aranha and Martin-DeLeon, 1991 , 1992 Chayko and Martin-DeLeon, 1992; Sapp and MartinDeLeon, 1992; Corkery and Martin-DeLeon, 1996) , other authors (Munne Â and Estop, 1991; Pellestor and Se Ále, 1991) have disagreed with this hypothesis. According to Martin-DeLeon's idea, the fertilizing competence of spermatozoa is in¯uenced by their chromosomal complement and age. Chromosomally abnormal spermatozoa may mature more slowly than normal spermatozoa. Therefore, they may be ineffective competitors in unaged populations but become more effective or increase in proportion in aged populations. The change in fertilization potential of spermatozoa during ageing would be due to the fact that chromosomally abnormal spermatozoa would gain maturity after prolonged storage, whereas chromosomally normal spermatozoa would senesce and subsequently die during the same period of time. The sperm selection mechanism presupposes post-meiotic haploid gene expression of certain genes involved in sperm maturation and function. Aneuploidy for any chromosome carrying these haploid-expressed genes may, therefore, affect sperm maturation and function if passage of gene products through the cytoplasmic bridges of neighbouring spermatids does not take place. The reasoning argued by workers who disagree with this hypothesis is mainly (i) selection against chromosomally abnormal spermatozoa would be unlikely unless the spermatozoa carry a morphological abnormality (cited by Munne Â and Estop, 1991) , and (ii) several studies in the mouse, hamster and human suggest that chromosomally abnormal spermatozoa are not at a disadvantage in performing fertilization (cited by Pellestor and Se Ále, 1991) . A recent study (Marchetti et al., 1999) has provided direct evidence for the absence of selection against aneuploid spermatozoa during spermiogenesis, fertilization and the ®rst cycle of mammalian development. These authors, using¯uores-cence in-situ hybridization cytogenetics in the mouse, found similar frequencies of aneuploidy and types of aneuploid male complements in both meiosis II spermatocytes from double heterozygous males for the Robertsonian translocation Rb(6.16)24Lub and Rb(16.17)7Bnr and ®rst cleavage zygotes resulting from the mating of these males with virgin B6C3F1 females.
Although most of the studies published so far show no effect of sperm ageing on sex ratio in zygotes, blastocysts, fetuses and newborns (see Table VII ), human epidemiological data suggest that sperm ageing in the female tract before ovulation may skew the sex ratio towards the male (for reviews and discussion on this topic, see James, 1995 James, , 1996 James, , 1999 . Martin-DeLeon's laboratory has also reported a signi®cantly higher proportion of male zygotes resulting from the mating of mouse B6SJL/F 1 females with chromosomally normal B6SJL/F 1 males, which previously underwent a 14 day sexual rest (Sapp and Martin-DeLeon, 1992) . In addition, a sperm-age-dependent sex ratio distortion was noted in random-bred ICR mouse females mated with males heterozygous for the single Rb(6.16)24Lub (Aranha and Martin-DeLeon, 1991; 1992) or Rb(6.15)1Ald (Aranha and Martin-DeLeon, 1995) translocation. In these matings, a signi®cant excess of Y-bearing sperm complements was observed in zygotes derived from males carrying the translocation when animals were mated at 3 day intervals, but not at 6-14 day intervals after the last mating (Arahna and or after bilateral ligation of the corpora epididymides (Aranha and Martin-DeLeon, 1992) . The ratio of normal to balanced zygotes deviated signi®cantly from 1:1 in zygotes resulting from oocytes fertilized by unaged spermatozoa, but the segregation distortion either decreased (Aranha and Martin-DeLeon, 1991) or disappeared Martin-DeLeon, 1992, 1995) for aged spermatozoa. These studies therefore argue for chromosome-speci®c effects of Robertsonian translocations and the presence of the X or Y chromosome on sperm function.
Age-associated oxidative damage to spermatozoa
Like oocytes, the molecular, biochemical, cellular and functional changes associated with the ageing of spermatozoa are likely induced by free radical-mediated oxidative damage to sperm plasma membrane and intracytoplasmic components including nuclear and mitochondrial DNA. It has been known for a long time that lipid peroxidation of the highly unsaturated fatty acids of the sperm plasma membrane induces changes in membranē uidity and integrity that impair the capacity to undergo the acrosome reaction and fertilize. In addition, ROS can lead to chromatin cross-linking, DNA base oxidation and DNA strand breaks (cited by Twigg et al., 1998) . As shown in Table V , sperm ageing in the male and/or female reproductive tract and/or under in-vitro conditions is associated with (i) increased spontaneous lipid peroxidation; (ii) decreased motility, changes in the susceptibility of spermatozoa to undergo the acrosome reaction and decreased fertilization; (iii) increased oxidative DNA damage and DNA fragmentation as measured by 8-hydroxyl-2'-deoxyguanosine formation; (iv) alteration of the physico-chemical state of the DNA±protein complex; (v) lower resistance of DNA to denaturation in situ; (vi) decreased capability for chromatin decondensation after sodium dodecyl sulphate and either EDTA or dithiotreitol (DTT) treatment; (vii) incorporation of methyl groups into the nucleotide bases of DNA; and (viii) chromosomal structural rearrangements in the resulting zygotes/embryos.
However, in contrast to oocytes, the degenerative changes undergone by spermatozoa during ageing cannot be satisfactorily explained in all mammalian species by the oxygen radicalmitochondrial injury hypothesis. Whereas ROS production by rabbit spermatozoa seems to involve the leakage of electrons from the mitochondrial electron transport chain (Holland et al., 1982) , the production of hydrogen peroxide by bovine spermatozoa is associated with the deamination of aromatic amino acids (Tosic and Walton, 1950) . Human spermatozoa display a different pathway. They utilize NAD(P)H as a substrate for ROS generation through an intracellular and/or plasma membrane-NAD(P)H oxidase complex (Aitken et al., 1997) . In addition to the production of ROS by spermatozoa, leukocytes (predominantly polymorphonuclear neutrophils) may in®ltrate the different uids in each part of the male reproductive tract and downplay the antioxidant processes that occur at these sites, thus creating a state of oxidative stress. It is worth noting that total antioxidant activity and thiol content are signi®cantly lower in the seminal plasma of vasectomised men compared with normozoospermic donors (Potts et al., 1999a) . Likewise, semen samples (most of them retrieved by masturbation after treatment with butylbromide and physostigmine) and Percoll-washed spermatozoa from spinal cord-injured men produce higher concentrations of ROS than equivalent preparations from infertile men or healthy donors (de Lamirande et al., 1995) . As mentioned above, spinal cord-injured men have altered sperm transport, resulting in stagnation of spermatozoa in the seminal vesicles for long periods of time .
At the time of ejaculation, sperm cells mix with the seminal plasma composed of combined secretions of the testis, epididymis and the male accessory sex glands. Although in®ltrating leukocytes are a major source of ROS generation in semen (Kessopoulou et al., 1992) , they may not have a major impact on spermatozoa owing to the relatively short period of time they reside in seminal plasma and/or the antioxidant properties of this uid. After semen deposition in the female reproductive tract, spermatozoa must cope with oestrogen-induced generation of hydrogen peroxide by endometrial cells (for review, see Riley and Behrman, 1991) and/or their own production of ROS. These factors could create a noxious intra-and/or extracellular oxidative environment that may damage spermatozoa if intra-and extracellular antioxidant defences were overwhelmed. It is unlikely that sperm-induced in®ltration of leukocytes (leukocytic reaction) in the female genital tract (Pandya and Cohen, 1985) may damage fertilizing spermatozoa because they enter the cervix very promptly, before leukocytes enter the uterus. Any leukocytic phagocytosis will probably involve dying or abnormal spermatozoa, or those which would not fertilize in any event. Like oocytes, the spontaneous generation of extracellular ROS under in-vitro conditions may also induce oxidative damage to spermatozoa. From all this, it follows that multiple and different sources of ROS other than the mitochondrial electron transport chain may damage spermatozoa under diverse ageing conditions.
Although DNA repair mechanisms are not functional in mature spermatozoa, oxidative damage to sperm DNA may be repaired by the fertilized oocyte (for review, see Tarõ Ân et al., 1998a). However, many DNA anomalies may elude the repair system of oocytes and cause early embryo and fetal losses, and morbidity and mortality in later life. Like oocytes, free radical-mediated damage to sperm DNA may produce miscoding lesions in nuclear DNA and/or changes in the normal control of DNA methylation that may have teratogenic and oncogenic consequences in offspring. In this context, it is worth noting that several studies point out a link between oxidative DNA damage in spermatozoa of smokers and the appearance in the offspring of (i) major malformations including neural tube defects, major facial clefts (likely cleft lip/palate rather than cleft of the total face), hydrocephalus, ventricular septal defect and urethral stenosis, (ii) perinatal mortality (unrelated to major birth defects), and (iii) childhood and adulthood cancer (for review, see Ames et al., 1994) . Recently, it has been suggested that free radical-mediated damage to sperm DNA may cause certain forms of male infertility in the offspring involving deletions on the long arm of the Y chromosome (Aitken, 1999) .
Protection against damage by free oxygen radicals in ageing gametes
Further data supporting the hypothesis of cellular damage by free oxygen radicals as the major mechanism responsible for the degenerating changes exhibited by ageing oocytes and spermatozoa come from studies showing a protective role of antioxidants in vitro. It has been shown that supplementation of the culture medium with the disulphide-reducing agent DTT is an ef®cient strategy to prevent, at least in part, the negative effects of postovulatory ageing of mouse oocytes in vitro on fertilization, cellular fragmentation at 24 h post-insemination (morphological characteristic of cell death by apoptosis) and the potential of embryos for development until the blastocyst stage (Tarõ Ân et al., 1998b) . This effect, however, appears to be speci®c for DTT since other antioxidants including L-ascorbic acid, trolox (a water-soluble analogue of a-tocopherol), L-cystine dihydrochloride and EDTA are ineffective. b-Mercaptoethanol is also capable of preventing, at least in part, the age-associated cellular fragmentation exhibited by nontreated zygotes at 24 h post-insemination, although it decreases the potential of embryos to develop to the blastocyst stage (Tarõ Ân et al., 1998b) .
The addition of catalase to counteract the spontaneous formation of hydrogen peroxide and/or the addition of Desferal (desferrioxamine) as an iron chelator has bene®cial effects on survival time of bull (for review, see Vishwanath and Shannon, 1997) and mouse (Nonogaki et al., 1992) spermatozoa. In contrast, other transition metal chelators such as EDTA, EGTA and DTPA are even detrimental to survival of bull spermatozoa (for review, see Vishwanath and Shannon, 1997) . This is not the case for human spermatozoa. They display a reduced degree of lipid peroxidation and increased motility after overnight incubation in the presence of EDTA (Gomez and Aitken, 1996) . It is worth noting that whereas retention of the fertilizing ability of bull spermatozoa is improved by adding catalase to the culture medium, no effect of inclusion of Desferal in the diluent on sperm fertilizing ability has been observed (for review, see Vishwanath and Shannon, 1997) . Ram spermatozoa also appear to improve fertility if stored for 7 days in a medium containing either superoxide dismutase (SOD) or catalase, but not if stored for 14 days (for review, see Vishwanath and Shannon, 1997) . Owing to the fact that spermatozoa are exposed to a high partial pressure of oxygen when extracted from the male reproductive tract, some authors (Kuribayashi and Gagnon, 1996) have tested whether a short (1 h) pre-incubation period with catalase or the protein disulphide reductase thioredoxin may increase the potential of mouse spermatozoa to support preimplantation embryo development. These authors (Kuribayashi and Gagnon, 1996) found that although sperm motility and fertilization rates in vitro were not affected by catalase or thioredoxin treatment, the rate of blastocyst formation was signi®cantly increased when compared to non-treated spermatozoa. In the rabbit, taurine, hypotaurine, epinephrine and albumin inhibit lipid peroxidation and protect against loss of motility under aerobic incubation (Alvarez and Storey, 1983a) . It was also shown that hypotaurine protects rabbit sperm SOD from the timedependent inactivation exhibited under in-vitro conditions (Alvarez and Storey, 1983a) .
Concluding remarks
This review shows that the ageing of both oocytes and spermatozoa prior to fertilization may affect many molecular, biochemical and cellular pathways of gametes, which may jeopardize not only pre-and post-implantation embryo/fetus development but also later life of offspring. It appears that both a pre-and a post-ovulatory ageing of oocytes is associated with: (i) decreased potential of oocytes for fertilization and later pre-and/ or post-implantation embryo/fetus development; (ii) congenital anomalies; (iii) distorted secondary sex ratio in favour of males; (iv) retarded sensorimotor integration during pre-weaning development; (v) behavioural alterations and/or learning dif®culties in later life; (vi) many constitutional diseases such as diabetes mellitus, schizophrenia and non-familial Alzheimer's disease; (vii) decreased female fecundity; and (viii) lower life expectancy of offspring.
Likewise, the ageing of spermatozoa in either the male reproductive tract after epididymal ligation, the female reproductive tract or under in-vitro conditions is associated with decreased sperm motility and potential for fertilization and later pre-and/or post-implantation embryo and fetal development. Although sperm ageing may distort the primary sex ratio of zygotes, no clear and distinct effect of sperm ageing on proportion of X-bearing spermatozoa or the primary sex ratio in zygotes, and secondary sex ratio in blastocysts, fetuses and newborns has been reported so far. Among the different environments where spermatozoa can reside and age, it appears that the ligated epididymis in¯icts the worse consequences to offspring. In fact, it is the only environmental condition associated with the presence of teratogenic defects in offspring. In contrast, in-vivo ageing in the male reproductive tract by long sexual rest appears to be exempt from any detrimental effect on fertilization and/or pre-and postimplantation development.
Most of the degenerative changes undergone by oocytes and spermatozoa during ageing as well as the short-and long-term effects on the resulting offspring may be explained by free radical-mediated damage to gametes. In oocytes, the mitochondrial electron transport chain seems to be the main intracellular source of ROS, although other intra-and/or extracellular sources may also play an important role. In contrast, the degenerative changes undergone by spermatozoa during ageing cannot be satisfactorily explained in all mammalian species by the oxygen radical-mitochondrial injury hypothesis. In fact, the biochemical pathways used by spermatozoa to generate ROS may vary between species. Furthermore, spermatozoa can be exposed to many extracellular sources of ROS including in®ltrating leukocytes in the male genital tract, oestrogen-induced generation of hydrogen peroxide by endometrial cells and culture media.
Although there are no studies analysing the long-term effects of sperm ageing on offspring, indirect epidemiological evidence suggests that free radical-mediated damage to sperm DNA may induce major malformations and increase the probability of perinatal mortality, childhood and adulthood cancer, and male infertility in the offspring. Furthermore, clinical literature shows or suggests an involvement of mitochondrial DNA and/or oxidative phosphorylation defects in the development of most phenotypes associated with a pre-or post-ovulatory ageing of oocytes including congenital malformations, diabetes mellitus, Alzeimer's disease, schizophrenia, male and female infertility, and decreased longevity. The amount of genetic and epigenetic anomalies potentially associated with the ageing of gametes is so huge that many diseases and abnormal phenotypes of unknown or presumably known aetiology, or even subtle differences in behaviour and/or intelligence between otherwise normal-looking individuals may be explained by the senescence of either/both gametes at fertilization. Paradoxically, the noxious effects of gamete ageing on offspring may be easily prevented by ef®cient diffusion of both the potential risks of gamete ageing and the steps couples wishing to achieve pregnancy should take to guarantee a correct maturational synchronization of gametes at fertilization. Although in-vitro antioxidant therapy appears to protect from or retard the ageing process of gametes, it may not assure the total absence of negative effects on the resulting offspring.
